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2  
19 ABSTRACT 
 
20 Natural mineral-water interface reactions drive ecosystem/global fluoride (F
-
) cycling. 
 
21 These small-scale processes prove challenging  to monitoring due to mobilization 
 
22 being  highly  localized  and  variable;  influenced  by  changing  climate,  hydrology, 
 
23 dissolution chemistries and pedogenosis. These release events could be captured in 
 
24 situ  by the  passive  sampling  technique,  diffusive  gradients  in  thin-films  (DGT), 
 
25 providing  a  cost-effective  and  time-integrated  measurement  of  F
-   
mobilization. 
 
26 However, attempts to develop the method for F
-  
have been unsuccessful due to the 
 
27 very restrictive operational ranges that most F
-
-absorbents function within. A new 
 
28 hybrid-DGT technique for F
-  
quantification containing a three-phase fine particle 
 
29 composite  (Fe-Al-Ce,  FAC)  adsorbent  was  developed  and  evaluated.  Sampler 
 
30 response  was  validated  in  laboratory  and  field  deployments,  passing  solution 
 
31 chemistry QC within ionic strength and pH ranges of 0–200 mmol L-1  and 4.3–9.1, 
 
32 respectively, and exhibiting high sorption capacities (98 ± 8 μg cm-2). FAC-DGT 
 
33 measurements adequately predicted up to weeklong averaged in situ F
- 
fluvial fluxes 
 
34 in  a  freshwater  river  and  F
-   
concentrations  in  wastewater  treatment  flume  pond 
 
35 determined  by  high  frequency  active  sampling.  While,  millimetre-scale  diffusive 
 
36 fluxes across the sediment-water interface were modeled for three contrasting lake 
 
37 bed sediments from a F
-
-enriched lake using the new FAC-DGT platform. 
 
38 Keywords: fluoride; diffusive gradients in thin-films; sediment; surface water 
 
 
39 
 
 
40 
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41 1. Introduction 
 
42 Fluoride (F
-
) is required for the formation and upkeep of bones and dental enamel 
 
43 (Jha et al., 2011). In the US alone, it has been estimated that ~85% of adults have 
 
44 experienced enhanced tooth decay owing to F
- 
deficiency (Perumal et al., 2013; Su et 
 
45 al., 2013). However, the therapeutic range is very narrow and in excess can disrupt 
 
46 thyroid metabolism, impair brain function, cause bone deformities, and in severe 
 
47 cases result in paralysis and cancer (Harrison, 2005; Meenakshi and Maheshwari, 
 
48 2006; Viswanathan et al., 2009). Drinking water is the predominant source of F
-
 
 
49 intake  by  humans  (Amini  et  al.,  2008),  yet  still,  more  than  200  million  people 
 
50 worldwide rely on water sources with F
-  
concentrations above the World Health 
 
51 Organization’s maximum contaminant level of 1.5 mg L-1 (Fawell et al., 2006; Jha et 
 
52 al., 2011). 
 
53 Optimizing F
- 
intakes from potable water supplies is a grand challenge. Not only 
 
54 is it a common mineral constituent, subject to frequent and irregular enrichment in 
 
55 rocks, but when dissolved has no discernable taste, odor or colour (Viswanathan et al., 
 
56 2009). At neutral or high pH, dissolved fluorides are predominantly present as F
-
, with 
 
57 HF  forming  at  low  pH  (Ghosh  et  al.,  2013).  Yet,  it  is  the  fluctuation  in  F
-
 
 
58 concentrations,  both  spatially  and  temporally,  which  depends  not  only  on  water 
 
59 chemistries, with key parameters being high pH and the concentrations of other ions 
 
60 such as Cl
-
, SO4
2-
, Na
+
, Ca
2+
, Al
3+ 
and HCO3
- 
(Hu et al., 2013), but also hydrological 
 
61 properties including residence time, and climatic conditions like evapotranspiration 
 
62 and precipitation that make F
- 
concentrations difficult to predict (Amini et al., 2008). 
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63 Numerous methodologies have been applied to the measurement of F
-  
in waters 
 
64 and  sediments,  including  F
-   
selective  electrodes  (Perdikaki  et  al.,  2002),  ion 
 
65 chromatography  (Hoop  et  al.,  1996;  Severi  et  al.,  2014),  fluorescence  capillary 
 
66 electrophoresis (Hoop et al., 1996), 
19
F nuclear magnetic resonance spectra (Zeng and 
 
67 Stebbins, 2000) and colorimetric determination (Zhu et al., 2005). Although some of 
 
68 these methods are sensitive, they have rarely been used in field analysis owing to their 
 
69 non-portability (Sun et al., 2014). Meanwhile, usually combined with  field/active 
 
70 sampling,   these   methods   only   capture   at   best   an   instantaneous solid-water 
 
71 pseudo-equilibrium or at worst alter this balance during sample collection, which can 
 
72 result in a false impression of localized conditions over time. F
-  
selective electrodes 
 
73 are the main method for in situ F
-  
measurement, however the technique’s narrow 
 
74 application  range,  a  restriction  imposed  by  the  sensitivity  to  varying  pH  and 
 
75 interference ions like Al
3+  
(Perdikaki et al., 2002), and above all a low accuracy, 
 
76 drives the need for alternative, more field practical techniques. Furthermore, taking 
 
77 high-resolution 2D measurements at soil/sediment-water interfaces with electrodes 
 
78 without compromising the integrities of the monitored chemistries is a challenge. 
 
79 Passive samplers (PS) are a promising approach for overcoming the 
 
80 above-mentioned   limitations,   providing   a   means   to   obtain   multi-dimensional 
 
81 (temporal/spatial) data in a cost effective manner with minimal disturbance to the 
 
82 sampling environment (Vrana et al., 2005). The diffusive gradient in thin-films (DGT) 
 
83 technique  is  one  of  the  most  widely  adopted  PS  techniques  and  has  been 
 
84 comprehensively  validated  for  the  measurement  of  labile  metals,  phosphate  and 
5  
85 mercury (Gao et al., 2011; Guan et al., 2015; Luo et al., 2010; Santner et al., 2010; 
 
86 Zhang and Davison, 1995). With DGT samplers, the target of interest diffuses through 
 
87 an  inert  filter  membrane  hydrogel  stack,  driven  by  a  concentration  differential 
 
88 generated by immobilization of the analyte to a binding layer (Davision and Zhang, 
 
89 1994). Chelex and ferrihydrite have been widely used as the binding agent to measure 
 
90 cations and oxyanions, respectively (Luo et al., 2010; Zhang and Davison, 1995). 
 
91 However, a suitable binding layer to enable F
-  
measurement by DGT, one that can 
 
92 function across a wide range of pH’s with sufficient tolerance to competitive ions to 
 
93 make the measurements environmentally relevant, has yet to be developed. 
 
94 Rare  earth  elements  exhibit  a  general  trend  for  both  selectivity  and  a  high 
 
95 adsorption capacity for F
- 
(Zhou et al., 2004). Among them, hydrous Ce(IV) oxide has 
 
96 superior performance characteristics for F
-  
adsorption (Tokunaga et al., 1995). To 
 
97 improve the application range of the Ce oxide adsorbent (the optimum adsorption is at 
 
98 pH 2 (Tokunaga et al., 1995) in water), the oxide can be mixed with other metals such 
 
99 as Al(III) with a higher pHzpc (ZPC, zero point charge) of over 8 (Das et al., 2003). To 
 
100 complete the optimization a third species with an overlapping ZPC to that of Ce-oxide 
 
101 such as Fe(II), can also be included into the mix to reduce the economic costs of the 
 
102 binding phase by lessening the Ce-oxide requirement, whilst maintaining a high F
-
 
 
103 adsorption capacity (Wu et al., 2007). Adsorbents made by co-precipitation of Fe(II), 
 
104 Al(III) and Ce(IV) salt solutions exhibit a strong ability to adsorb F
- 
in a wide range 
 
105 of waters covering acidic to alkaline conditions (Wu et al., 2007; Zhang et al., 2005). 
 
106 The overall aim of this study is to develop and validate a practical and cost 
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107 effective  hybrid-DGT  method  for  F
-   
measurement  based  on  a  triple  composite 
 
108 adsorbent, optimized for water and sediment conditions/environments. Sub-aims were: 
 
109 develop a casting procedure for the encapsulation of a Fe-Al-Ce (FAC) oxide mixture 
 
110 within a gel matrix; characterize both the diffusion coefficient of F in the diffusive gel 
 
111 and the elution  efficiency of F
-  
from the novel  FAC oxides based binding gels; 
 
112 ascertain the performance responses of the DGT containing the FAC gels (FAC-DGT) 
 
113 to different ionic strengths, pH, aging times, deployment times, and diffusive gel 
 
114 thicknesses; determine the sensitivity of method; validate the samplers in natural 
 
115 water   and   F
-
-containing   wastewater   deployment   scenarios,   and   measure   the 
 
116 sediment-water interface reactions impacting on  F
-  
geochemistry using this novel 
 
117 hybrid-DGT method. 
 
118 2. Material and methods 
 
119 2.1. Preparation of solutions, new binding gels and DGT devices 
 
120 The chemicals used in this study were of analytical reagent grade or above. F
- 
stock- 
 
121 solution was prepared at 1000 mg L
-1 
using sodium fluoride. All solutions used in this 
 
122 experiment were prepared using high purity water (18.2 MΩ-cm, Milli-Q, Millipore, 
 
123 USA). 
 
124 A standard cylindrical DGT device is comprised of a plastic base, a binding gel 
 
125 layer, a diffusive gel layer, a 0.14-mm-thick, 0.45-μm pore size filter membrane (Pall 
 
126 Co. USA), and a plastic cap with a circular exposure window of 2.51 cm
2 
(Guan et al., 
 
127 2015; Warnken et al., 2005). 
 
128 To prepare the new binding gel, a FAC oxide mixture was used as the anion 
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129 sorbent. A solution containing 0.1 mol L
-1 
Fe
2+
, 0.2 mol L
-1 
Al
3+
, and 0.1 mol L
-1 
Ce
4+
 
 
130 was prepared by dissolving FeSO4·7H2O, Al2(SO4)3·8H2O, Ce(SO4)2·4H2O in MQ 
 
131 water. The pH of the mixed solution was adjusted using saturated NaOH solution 
 
132 under vigorous stirring. Precipitation of yellowish-brown FAC oxides mixture formed 
 
133 when pH reached 8. The mixture was then washed with MQ water and centrifuged at 
 
134 3600 g for 10 min followed by repeated washing and centrifugation until the pH of 
 
135 the supernatant was ~6.5. Then the FAC oxides mixture was collected, dried at 65
○
C 
 
136 for 24 h and calcined at 300
○
C for 3 h. After that, the dried mixture was ground to 
 
137 fine powder and passed through 150 μm sieve (Wu et al., 2007). 1.4 ± 0.1 g of the 
 
138 FAC powder was vigorously mixed with 8 mL gel solution, which contains 37.5% 
 
139 acrylamide  solution  (w/w),  47.5%  MQ  water  and  15%  patented  cross-linker 
 
140 (Stockdale et al., 2008), until the powder was fully dispersed in the gel solution. Then 
 
141 the gel solution was mixed well with 52 μL of 10% ammonium persulphate solution 
 
142 followed by 12.8 μL N,N,N’N’-Tetramethylethylenediamine (TEMED, 99%, Electran, 
 
143 BDH). 
 
144 The gels were cast by pipetting the mixture solution between two acid-washed 
 
145 glass plates separated by 0.25-mm-thick plastic spacer and set in an oven at 44 ± 2
○
C 
 
146 for 1 h to allow the gel to polymerize. Then the completely solidified gels were 
 
147 hydrated with MQ water that was changed 3–4 times during 24 h. Finally, the fully 
 
148 hydrated FAC gels were stored in 0.01 mol L
-1  
NaNO3  solution prior to use (Zhang 
 
149 and Davison, 1995). Detailed information about the preparation of diffusive gel is 
 
150 available in the Supplementary Material (SM). 
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151 2.2. Analytical method and DGT concentration calculation 
 
152 In this study, the binding layers (FAC gels) were eluted using 3 mL of 0.1 mol L
-1
 
 
153 NaOH for approximately 24 h. F
-  
concentrations in eluates were measured with the 
 
154 SPADNS (sodium 2–(parasulfophenylazo)–1,8–dihydroxy–3,6–naphthalene 
 
155 disulfonate) method using a spectrophotometer (UV–2550, Shimadzu, Japan) (Ghosh 
 
156 et al., 2013). In short, F
-
-eluates were adjusted to pH 6–7 with 1 mol L-1 HCl. Next, 
 
157 0.5 mL of freshly prepared SPADNS solution was well mixed with 3 mL pre-acidified 
 
158 eluate  followed  by  water-bath  heating  at  35
○
C  for  30  min  before  UV-VIS 
 
159 spectrophotometer (SPADNS-Vis-S) measurements at 570 nm (Pillai et al., 2012). 
 
160 Detailed information on preparation of the SPADNS solution is available in the SM. 
 
161 The mass, M, of F
-  
in the binding gel, was calculated by equation 1 (Eq. 1) 
 
162 (Zhang and Davison, 1995): 
 
163 M = Ce × (VNaOH + Vgel + VHCl)/fe (1) 
 
164 Ce is the concentration of F
- 
in elution samples, VNaOH is the volume of added elution 
 
165 reagent, Vgel is the volume of the binding gel, which is 0.16 mL, VHCl is the volume of 
 
166 HCl added into elution samples for adjusting pH, and fe is the elution efficiency. 
 
167 The concentration measured by DGT, CDGT, was calculated by Eq. 2 (Zhang and 
 
168 Davison, 1995): 
 
169 CDGT = M × Δg/(D × A × t) (2) 
 
170 Δg (cm) represents the combined thickness of the filter and the diffusive gel, D (cm2 
 
171 s
-1
) is the diffusion coefficient of F
-
, t (s) is the deployment time, and A (cm
2
) is the 
 
172 area of the sampling window of DGT devices. 
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173 2.3. Elution efficiency (fe) of FAC gels 
 
174 Accurate  calculation  of  accumulated  F
-   
mass  on  the  FAC  gels  depends  on  the 
 
175 quantitative recovery of F
-  
from it, which derives an important parameter, fe. In this 
 
176 study, fe of F
- 
was obtained by eluting FAC gels discs loaded with different masses of 
 
177 F (10, 50, and 200 μg) in 3 mL of 0.1, 0.5, or 1 mol L-1 freshly prepared NaOH for at 
 
178 least 24 h. 
 
179 2.4. Measurement and calculation of diffusion coefficient (D) 
 
180 Diffusion coefficient (D) of F
- 
in the diffusive gel were measured using a previously 
 
181 described  diffusion  cell  (Pan  et  al.,  2015;  Zhang  and  Davision,  1999),  which 
 
182 comprised of two compartments (one as the source and the other as the receptor) 
 
183 connected by a 1.5-cm diameter circular window containing a 0.8-mm-thick diffusive 
 
184 gel. Both compartments were filled with 50 mL of 0.01 mol L
-1 
NaNO3 solution at pH 
 
185 6.0. The solution in the source compartment contained 100 mg L
-1  
F
-
, while the 
 
186 receptor compartment solution was devoid of F
-
. The solutions in each compartment 
 
187 were well stirred during the experiments. Subsamples (0.5 mL) were simultaneously 
 
188 collected from both compartments at intervals of 30 min over a period of 3.5 h. 
 
189 Measurement biases can be invoked with the large sample volumes required (3 mL) 
 
190 for  the  SPADNS  spectrophotometric  method,  so  all  subsamples  from  the  two 
 
191 compartments  were  analyzed  by  using  an  Ion  Chromatograph  method  (IC-1000, 
 
192 Dionex, USA). 
 
193 2.5. Effect of pH, ionic strength and deployment time on DGT uptake 
 
194 The effect of pH on accumulation of F
- 
by DGT was tested by deploying DGT devices 
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195 containing FAC gels and 0.8-mm-thick diffusion gels in 2 L of 1 mg L
-1  
F
- 
and 0.01 
 
196 mol L
-1  
NaNO3  solutions at different pH, ranging from 3.2 to 9.1, for 4 h. To study 
 
197 how ionic strength affected DGT uptake of F
-
, DGT devices were immersed in 2 L of 
 
198 solutions at pH 6.0 containing 1 mg L
-1 
F
- 
and different concentrations of NaNO3 (0, 1, 
 
199 5, 10, 20, 50, 100, 200 mmol  L
-1
) for 4 h.  To monitor DGT performance with 
 
200 increasing  deployment  time,  DGT  assemblies  were  deployed  in  6  L  solutions 
 
201 containing 1 mg L
-1 
F
- 
and 0.01 mol L
-1 
NaNO3 for deployment times ranging from 4 
 
202 to 72 h. 
 
203 2.6. Capacity and aging effect 
 
204 To measure the capacity of FAC gels, the FAC-DGT units were deployed for 4 h in 2 
 
205 L  of  well-stirred  0.01  mol  L
-1   
NaNO3   solutions  at  pH  6.0  containing  different 
 
206 concentrations of F
- 
(1, 5, 10, 20, 50, 80, 100 mg L
-1
). To examine the possible aging 
 
207 effect of the FAC gels, DGT devices preloaded with the tri-metal adsorbent were 
 
208 stored in 0.01 mol L
-1  
NaNO3  for 1, 20, 36, 60, and 105 d after production at 4
○
C. 
 
209 Thereafter they were deployed for 4 h in 2 L of solutions containing 1 mg L
-1 
F
- 
and 
 
210 0.01 mol L
-1 
NaNO3. 
 
211 2.7. Demonstration and validation of FAC-DGT samplers in surface water systems. 
 
212 Field  Deployment-1:  Freshwater  River.  In  order  to  test  the  applicability  of  the 
 
213 FAC-DGT in natural water, DGT devices were used to measure F
-  
in the Jiuxiang 
 
214 River, a freshwater river located in Nanjing city, China. The basic parameters of the 
 
215 river water are listed in Table S1. The site was specifically selected because of its 
 
216 characteristic alkaline conditions, a feature of many F
-  
enriched waters. Six DGT 
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217 devices were assembled as a hexahedral unit, leaving the exposure windows facing 
 
218 outwards (Pan et al., 2015; Zheng et al., 2015), and bound with button thermometers 
 
219 (Maxim Integrated Products, USA) to record temperature every 1 h, the hexahedral 
 
220 unit was immersed in the river water and retrieved after 5 days. Water samples were 
 
221 collected at 10 am and 4 pm every day to monitor the concentration of F
- 
in the river 
 
222 water. The water samples were taken to the laboratory within 10 min after sampling, 
 
223 passed through 0.45-μm membrane filters and stored at 4oC prior to measurement. 
 
224 Field Deployment-2: F
-
-containing wastewater. To investigate the FAC-DGT in 
 
225 waters severely enriched with F
-
, an assembled hexahedral unit of DGT devices with 
 
226 button thermometers was immersed into a wastewater with a F
- 
concentration of ~12 
 
227 mg L
-1
. However, to compensate for the atypically solute/ion enriched water matrix, 
 
228 the DGT devices were only immersed in the wastewaters for a maximum of 17 h. 
 
229 Water samples were collected six times during 17 h. 
 
230 2.8. Application of the FAC-DGT in sediments of Lake Luoma 
 
231 To ascertain the role of a sediment as either a sink or source of F
-
, the contrasting 
 
232 concentration gradients and deduced fluxes from sediment-water interfaces (SWI) can 
 
233 only  be  quantitatively  interpreted  if  measurements  are  obtained  in  situ  and  at 
 
234 sufficiently high spatial resolutions (Harper et al., 1997). To test the ability of the new 
 
235 FAC-DGT  to  capture  these  chemistries,  deployments  of  the  samplers  in  probe 
 
236 configurations (Davison et al., 1997) were tested in sediment cores from Lake Luoma, 
 
237 South Eastern China (see: Fig. 1, sampling details are described in the SM). The lake 
 
238 was selected principally because of recent water quality concerns due to increasing F
-
 
12  
239 concentrations. The underlying cause of the enrichment of the waterbody was thought 
 
240 to have stemmed from disturbances caused by the extensive sand excavation activities 
 
241 in the lake, driven by the demand for building materials. In addition to the importance 
 
242 of the site as a reservoir for drinking waters, it is of strategic value as an intersection 
 
243 of the Huaihe River (one of the seven major rivers in China) (Wen et al., 2013) and 
 
244 conduit  for  the  South-to-North  Water  Diversion  megaproject  (Fig.  1);  a  national 
 
245 scheme that aims to deliver water to the drought prone regions in Northern China, by 
 
246 redirecting supplies from the southern watersheds (Liang et al., 2012). 
 
247 In brief, three contrasting sediment  sites,  both in regards to spatial location, 
 
248 particle  size  distribution  and  stratification  characteristics,  within  the  lake  were 
 
249 selected for deployment. Each site was approximately 20 km away from the other, but 
 
250 each had surface-water F
- 
concentrations above 1 mg L
-1 
(Table S2, see SM). Site A, 
 
251 on the lakes western flank was a silty-clay sediment, overlain by a 7-cm thick sand 
 
252 cap. The profile of Site B, was homogenously sandy in texture, whereas Site C, was 
 
253 dominated by silty, fine particulates (Fig. 1). 
 
254 FAC-DGT probes,  consisting  of  a  plastic  backing  plate,  a  FAC  gel  layer,  a 
 
255 0.8-mm diffusive gel layer, a 0.14-mm filter membrane and a front plate with a 1.8 × 
 
256 15 cm exposure window (Harper et al., 1998) were inserted vertically into the lake 
 
257 bed traversing both the SWI and any sediment stratification features (i.e. sand-silt 
 
258 interface, SSI). After 24 h deployment, the probes were retrieved and the window 
 
259 areas were thoroughly rinsed with MQ water. The exposed gel layers and filters were 
 
260 cut from the probe housing using a Teflon-coated razor blade (Guan et al., 2015). The 
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) (4) 
261 FAC gel and diffusive gel were both sliced into 0.6 × 0.5 cm rectangles (every piece 
 
262 of gel was divided into three vertical columns/strips, corresponding to the horizontal 
 
263 position 0–0.6, 0.6–1.2 and 1.2–1.8 cm, with each column comprising of thirty 0.6 × 
 
264 0.5 cm rectangular sections). Each FAC gel and diffusive gel sample was then placed 
 
265 into individual 1 mL centrifuge tubes containing 0.3 mL of 0.1 mol L
-1 
NaOH solution 
 
266 and 0.2 mL of 1 mol L
-1  
HNO3 respectively. After at least 24 h, the elution samples 
 
267 were  diluted,  then  analysed  by the  SPADNS-Vis-S  method  for  F
-   
and  ICP-OES 
 
268 (Optima 5300DV, PerkinElmer, USA) for other metals. 
 
269 To determine lacustrine storage mechanisms, the apparent fluxes of F
- 
across the 
 
270 interface zones, SWI and SSI, were calculated using a numerical model (Roberts et al., 
 
271 2010) based on sediment properties following Eqs. 3, 4 and 5, to 
 
272 Fw = Dw × ( )(x=0) (3) 
 
273 Fs = Ds × ( 
       
    
(x=0) 
274 Ftotal = Fw + Fs (5) 
 
275 Ftotal  refers to the total flux of F
-  
across the interface, while Fw  and Fs  represent 
 
276 the fluxes of F
-  
across the SWI from the overlying water and from the sediment, 
 
277 respectively.  (           ) and  (           )
 are  the  DGT  measured  concentration 
(x=0) (x=0) 
 
278 gradients  in  the  overlying  water  and  sediment,  respectively.  Dw   and  Ds   are  the 
 
279 diffusion coefficients of F
- 
in water and sediment (Ullman and Aller, 1982). 
 
280 3. Result and discussion 
 
281 3.1. efficiency (fe) of FAC gels 
 
282 A DGT-elution procedure that removes the majority of the immobilized target analyte, 
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283 with reproducible efficiency is a prerequisite for DGT measurements (Davision and 
 
284 Zhang, 1994). It is documented that NaOH is an efficient elution solution to desorb F
-
 
 
285 from adsorbents (Paudyal et al., 2012; Zhang et al., 2005; Zhou et al., 2004) used in 
 
286 wastewater treatment. In this study, different strengths of NaOH (0.1, 0.5, and 1.0 mol 
 
287 L
-1
) were used to elute F
- 
from the binding gels. Furthermore, the fe values for FAC 
 
288 gels with different mass loadings of F
-  
were also measured. As shown in Table 1, 
 
289 consistent elution efficiencies (fe = ~0.8) were obtained using different concentrations 
 
290 of NaOH as an eluent for a wide range of F
-  
concentrations (10, 50 or 200 μg F- on 
 
291 each gel disc), indicating that elution efficiencies are high and consistent. Given that 
 
292 the  pH  of  eluates  needs  to  be  adjusted  to  an  acid  condition  with  HCl  before 
 
293 measurement using the SPADNS method, 0.1 mol L
-1  
NaOH was finally selected as 
 
294 the preferred F
-
-eluent to minimize the acid requirements for the chemical analysis. 
 
295 3.2. coefficient (D) in the diffusive gel 
 
296 Measurement of the diffusion coefficient of F
-  
is necessary to analyze F
-  
in waters 
 
297 correctly using the DGT technique. Due to the lack of published D-values for F
-  
in 
 
298 DGT diffusive gels, measurements were conducted using two established methods, 
 
299 diffusion cell (Dcell) (Zhang et al., 1998c) and DGT device deployment (DDGT) (Zhang 
 
300 et al., 1998a). The value of Dcell was 1.04×10
-5 
cm
2 
s
-1
, derived from Fig. S2 using Eq. 
 
301 S6, which has been corrected from 19
○
C (solution temperature in experiments) to 
 
302 25
○
C  with  a  temperature-based  conversion  equation  (Zhang and  Davison,  1995). 
 
303 Compared with the value of DDGT  (9.75×10
-6  
cm
2  
s
-1
, calculated from Eq. 2), there 
 
304 was no apparent difference between the two approaches with a bias of less than 5%, 
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305 which indicates that the diffusive boundary layer (DBL) between the diffusive gel and 
 
306 surface solution (Bennett et al., 2010) can be neglected. Consistent results between 
 
307 the  two  methods  have  been  previously  reported  when  measuring  D-values  for 
 
308 oxyanions such as those formed by P, V, As, Se, Sb, and Mo (Guan et al., 2015; Luo et 
 
309 al., 2010; Zhang et al., 1998b). 
 
310 Previous investigations of diffusion coefficients in diffusive gels show that the 
 
311 greater impedance forces incurred by polyacrylamide gel matrixes compared with 
 
312 water results in the D-value of metal ions in DGT diffusive gels being ~85% of those 
 
313 in aqueous solution (Scally et al., 2006), while for oxyanions (P, As, Se, Sb, and V), 
 
314 the difference is more pronounced with a typical decrease in the range of 52–71% 
 
315 depending on species (Luo et al., 2010; Panther et al., 2008; Sogn et al., 2008). The D 
 
316 of F
- 
at 25
○
C measured using a diffusive cell is ~71% of the value in water (1.48×10
-5
 
 
317 cm
2  
s
-1
) reported by Buffle et al.  (Buffle et al., 2007). Furthermore, there is no 
 
318 measurable  charge  effect,  Donnan  partitioning,  or  specific  binding  for  anions  if 
 
319 diffusive gels are well washed (Luo et al., 2010). 
 
320 3.3. Ionic strength, pH and deployment time 
 
321 As shown in Fig. 2A, the ratio, R, of the concentration of F
- 
measured by DGT, CDGT, 
 
322 to  that  in  solution,  Csoln,  is  highly  reproducible  within  a  wide  range  of  NaNO3 
 
323 concentrations. R values were within an acceptable range for NO3
-  
concentrations 
 
324 between 100–200 mmol L
-1
, but were excellent between 0–100 mmol L-1. Since the 
 
325 ionic strength in fresh and most waste-waters is lower than 100 mmol L
-1 
(Glass and 
 
326 Silverstein, 1999; Turner et al., 1981), FAC-DGT can effectively measure F
- 
in these 
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327 water bodies. However, as the ionic strength of seawater is ~700 mmol L
-1
, the 
 
328 technique is not appropriate for saline water deployments. 
 
329 F-CDGT values agreed well (R values, 0.9–1.1, Fig. 2B) with F
-  
concentration in 
 
330 solutions within the pH range of 4.3–9.1. But R values at pH 3.15 were below 0.8. At 
 
331 pH lower than 3.45, more than 50% of the F
- 
in solution exists as HF (Ghosh et al., 
 
332 2013). As HF has a lower D-value than F
- 
, a correction to the F-CDGT calculation to 
 
333 compensate for this may be required. Additionally, the surface of the FAC oxides 
 
334 mixture is positively charged at pH 3.15, so the binding of neutrally charged F species 
 
335 (HF, NaF etc.) is expected to be weak. The excellent R values recorded for a wide pH 
 
336 range (4 to 9) shows a good application prospect of FAC-DGT in acidic to alkaline 
 
337 waters. 
 
338 The  measured  mass  of  F
-   
accumulated  by  FAC-DGT  increased  linearly,  i.e, 
 
339 steady-state conditions were never obtained, within deployment times up to 72 h (Fig. 
 
340 2C) and agreed well with the theoretical values calculated from the known solution 
 
341 concentrations using Eq. 2. 
 
342 3.4. Capacity of DGT and aging effect 
 
343 The measured mass of  F
-  
accumulated by FAC-DGT increased linearly with  the 
 
344 solution concentrations ranging from 1 to 80 mg L
-1 
as shown in Fig. 2D, fitting the 
 
345 theoretical  calculated  values  (Eq.  2).  This  demonstrated  that  the  capacity  of 
 
346 FAC-DGT was not exceeded until the concentration of F
- 
in solutions reached 100 mg 
 
347 L
-1
, indicating that the capacity of the binding gel is 247 ± 21 μg per gel disc (98 ± 8 
 
348 μg cm-2). In practical terms this means, FAC-DGT can be deployed for at least 9 d in 
17  
349 waters  containing  1.5  mg  L
-1   
F
-
,  calculated  from  Eq.  2,  without  exceeding  the 
 
350 sampler’s capacity. If F
-  
elevated waters are being sampled, thicker diffusive gels, 
 
351 shorter deployment time and a higher loading of FAC oxides mixture into binding 
 
352 gels  are  simple  adjustments  to  the  DGT  to  make  it  suitable  for  monitoring 
 
353 highly-polluted water. 
 
354 The performance characteristics of DGT containing FAC gel, stored in 0.01 mol 
 
355 L
-1 
NaNO3 for 1–105 d from production, to evaluate possible degradation/integrity of 
 
356 the binding gels during storage, are shown in Fig. S6. The measurement of F
- 
by DGT 
 
357 devices agreed well with solution concentrations, with the R value between 0.9 and 
 
358 1.1 within 36 d while there was a little decline of R value of 0.89 ± 0.06 after 60 d and 
 
359 0.88 ± 0.06 after 105 d, which were within acceptable range. Therefore, DGT devices 
 
360 are suitable for both long-term storage and long-time deployment. 
 
361 3.5. In Situ monitoring of F
- 
in a freshwater river and F
-
-containing wastewater 
 
362 In this experiment (field deployment-1), F
- 
concentrations in the Jiuxiang River, were 
 
363 determined  using  both  active  sampling  and  FAC-DGT  methods.  The  different 
 
364 concentrations of F
- 
in the river acquired by active sampling from 10 am in day 1 to 4 
 
365 pm in day 5 are shown in Fig. 3, which were comparable to other rivers like the 
 
366 Huaihe River (0.2–3.1 mg L
-1
) in China (Wen et al., 2013), and the Humber Rivers 
 
367 (0.05–3.38 mg L
-1
) in the UK (Neal et al., 2003). The averaged DGT concentrations 
 
368 of F
- 
(represented as solid black line, Fig. 3) are close to the averaged concentrations 
 
369 measured  by active  sampling  (solid  blue  line),  which  demonstrates  the  averaged 
 
370 values provided by DGT could substitute for high frequency grab sampling, especially 
18  
371 when the F
- 
concentrations are highly variable. 
 
372 To investigate the applicability of FAC-DGT in a highly polluted aquatic matrix 
 
373 with high ion loading and severe F
- 
enrichment, further deployment of the FAC-DGT 
 
374 devices were performed in a wastewater treatment flume pond (field deployment-2). 
 
375 The  basic  parameters  of  the  wastewater  are  listed  in  Table  S1.  Again  like  field 
 
376 deployment-1, the waters possessed a high pH value (9.0). Concentrations of F
-
, 
 
377 fluctuating within the deployment period (17 h), caused by the addition of water 
 
378 treatment agents (mainly lime), were detected by an active sampling method and the 
 
379 FAC-DGT approach (Fig. 3). Lime (CaO or Ca(OH)2) precipitation was used as part 
 
380 of  a  tertiary  process  of  phosphate  and  nitrogen  removal.  Therefore,  free  ion 
 
381 concentrations of F
- 
in the wastewater treatment pond, would have declined as CaF
+
 
 
382 complexes formed (Ayoob and Gupta, 2006; Jha et al., 2011). Different D-values 
 
383 between the species, coupled with the ion’s positive surface charge, all contribute to 
 
384 the slightly separation between the averaged F
-  
concentrations measured by DGT 
 
385 (black line, Fig. 3) and that by active sampling (blue line, Fig. 3), leading to the 
 
386 decreased R value of 0.82. However these were still within acceptable operational 
 
387 parameters for the samplers and suggest a correction factor to compensate for species 
 
388 changes would be warranted. 
 
389 3.6. In Situ profiling of sediments in Lake Luoma 
 
390 Porewater  solute  measurements,  including  F
-
,  from  sediment  core  samples  are 
 
391 commonly obtained by slicing and centrifugation to isolate the target analytes (Kjeller 
 
392 and Rappe, 1995; Stockdale et al., 2010). Yet, this provides little information on the 
19  
393 system’s ability to either entrain/remove or supply F
- 
to the overlying water column; 
 
394 data that is key to the successful management of a site. Fine scale measurements of F
-
 
 
395 mobilization patterns in three contrasting lake sediments (Table S2), demonstrate the 
 
396 use of the new DGT platform for modeling net F
- 
fluxes between matrix compartment 
 
397 interfaces, within the sediment (sand-silt stratification) or with between sediments and 
 
398 overlying water. 
 
399 DGT uncovered a number of different biogeochemical F
- 
mobilization trends in 
 
400 the sediment media based on the calculated net fluxes (Table 2). PA from site A (Fig. 
 
401 4), indicates that the sand cap (between SWI and SSI) overlying the silt sediment is 
 
402 likely to be acting as a marginal sink for F
-
, with a small flux of 0.7 × 10
-6 μg cm-2 s-1 
 
403 from water to sand. The high Si content (%, Table S2, SM) of this zone would also 
 
404 facilitate  F
-   
immobilization  (Vithanage  and  Bhattacharya,  2015).  However,  its 
 
405 long-term function as a F
- 
reservoir is becoming compromised by the underlying silty 
 
406 sediment zone (under SSI), which is supplying F
- 
to the sandy cap, at a rate of 1.3 × 
 
407 10
-6 μg cm-2 s-1. If the two sediment materials reach equilibrium, then the role of the 
 
408 SWI in helping to reduce water column F
-  
concentrations could be reversed. The 
 
409 surface  water  F
-   
concentrations  at  site  B  (PB,  Fig.  4),  are the most  F
- 
enriched, 
 
410 averaging 0.8 mg L
-1
. Similarly to Site A, the sediment PB which is uniformly sandy, 
 
411 is acting to remove and immobilise F
-
, with the flux of 1.1 × 10
-6  μg cm-2  s-1, from 
 
412 water to sand. However, the average F
- 
mobilisation flux is slightly higher than that of 
 
413 the representative zone from site A and also relatively constant even to the depth of 
 
414 -12 cm below the SWI. The SSI is in approximate equilibrium with the overlying 
20  
415 water in PC, based on the average measurements for the two matrix compartments 
 
416 (water/sediment). 
 
417 Correlations were undertaken to test the coexistence of F
- 
with metals in the three 
 
418 sediments (PA, PB and PC) (Table S3). Close correlations between F
-  
and Al/Mn 
 
419 emerged in all three matrices, and further, similar correlations between F
- 
and Al/Mn 
 
420 (sum of concentrations) in PA, PB and PC (r = 0.51–0.53, p < 0.01) emerged. These 
 
421 trends  that  are  indicative  of  F
-   
mobilization  being  coupled  with  the  reductive 
 
422 remobilization of Al, Mn hydroxides containing F
-  
(Lv et al., 2006; Wemple et al., 
 
423 1995). 
 
424 4. Conclusions 
 
425 The new tri-metal FAC-DGT gel is superior to other potential F
-
-adsorbents due to the 
 
426 broad pH ranges 4.3–9.1 in which it operates, with the ability to function in low H
+
 
 
427 concentrations  being  of  specific  importance  for  environmental  F
-    
monitoring. 
 
428 Furthermore, the DGT method detection limits were ~4-fold lower than common 
 
429 solution analysis using colorimetric techniques, combined with its high capacity (98 ± 
 
430 8  μg  cm-2),  long  term  stability  (>105  d  after  gel  fabrication)  and  resilience  to 
 
431 competitive ions, all makes it suitable for use in a wide range of matrixes, which 
 
432 include rivers, waste waters, synthetic solutions, sediments and wetland soils. 
 
433 It is arid zones, where   safe-water resources are   already   limited, that 
 
434 F
-
-contamination is most severe and consequently more difficult to tackle. In China 
 
435 alone, more than 40 million people rely on drinking waters which are threatened by F
-
 
 
436 contamination (Wen et al., 2013). On a global scale, there are also significant F
- 
water 
21  
437 quality problems in India, Tanzania, Mexico, Argentina, and South Africa. Often 
 
438 contaminated water supplies are in rural areas, so convenient and easy-to-operate 
 
439 methods are especially needed (Vithanage and Bhattacharya, 2015). The presented 
 
440 FAC-DGT offers a simple and cost effective way for households to monitor their 
 
441 potential  F
-
-exposures.  While,  for  the  researchers/chemists  the  FAC-DGT can  be 
 
442 employed to understand fine-scale mobilization processes occurring at the 
 
443 mineral/soil/sediment-water interfaces, in either 1 or 2D. The FAC-DGT technique 
 
444 when used in combination with the SPADNS spectrophotometer method, is very well 
 
445 suited for in situ deployment in waters and sediments especially in remote and poorly 
 
446 accessible areas, presenting a new opportunity for time-integrated measurements to 
 
447 better   understand   F
-
-cycling   for   both   environmental   and   human   health   risk 
 
448 assessment. 
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Table 1 
Elution efficiency (fe) of F
- 
from the FAC gels using 3 mL of different concentrations 
(0.1, 0.5 and 1.0 mol L
-1
) of NaOH solution. Values were means ± standard errors of 
five replicates. 
 
Mass of F
-a 
(μg per disc) 
0.1 mol L
-1 
NaOH 
0.5 mol L
-1 
NaOH 
1.0 mol L
-1 
NaOH 
10 0.81 ± 0.05 0.82 ± 0.04 0.80 ± 0.05 
50 0.78 ± 0.02 0.80 ± 0.03 0.79 ± 0.01 
200 0.82 ± 0.03 0.81 ± 0.03 0.81 ± 0.02 
a 
denotes the mass of F
- 
accumulated on the binding gels before elution. 
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Table 2 
The total fluxes of F
-  
across interface zones in sediment, ‘+’ means the direction of 
flux is upward, while ‘–’ means downward. 
 
 
Flux (10
-6 μg cm-2 s-1) PA PB PC 
SWI 
 
SSI 
-0.7 
 
+1.3 
-1.1 
 
/ 
+0.2 
 
/ 
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Fig. 1. The map provides the geographical position of Lake Luoma, located at the 
intersection of Huaihe River (one of the seven major rivers in China) and the Route of 
South-to-North Water Diversion Project (an important strategic project in China), and 
three sites of sediments (A, B and C) in Lake. 
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Fig. 2. The effects of ionic strength of NO3
- 
(A), pH (B) and deployment time (C) on 
the uptake of F
- 
by FAC-DGT, and dependence of the mass of F
- 
accumulated by DGT 
immersed in solutions with different concentrations of F
- 
from 1 to 100 mg L
-1 
(D). 
The values of vertical axis in (A) and (B) mean the ratio of concentrations of F
- 
measured by DGT (CDGT) to concentrations in solution (Csoln) deployed with DGT. 
The dotted horizontal lines and the solid horizontal lines represented values of 1.0 ± 
0.1. In (C) and (D), the black lines are the theoretical lines calculated from known 
concentrations in solutions by Eq. 2. Values are means ± SD of three replicates. 
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Fig. 3. Measurement of F
- 
concentrations by two methods at different sampling 
times in surface water systems. The solid diamonds represent the concentrations of F
- 
measured by active sampling method in Wastewater treatment flume pond and 
Jiuxiang River, while the solid blue lines represent the averaged F
- 
concentrations 
during whole sampling time. The solid black lines means the time-averaged 
concentrations of F
- 
measured by DGT and the upper and lower dotted black lines 
mean the maximum and minimum DGT measured concentrations. For wastewater 
treatment flume pond, 7-24 stand for 7 am to 24 pm in one day. For Jiuxiang River, 
10-D1 and 4-D1 stand for 10 am and 4 pm in day 1. 
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Fig. 4. 1D vertical concentration profiles of F
- 
across the sediment-water interface 
(SWI) in PA, PB and PC, and the sand-silt interface (SSI) in PA of three sediments in 
Lake Luoma, light blue shows the overlying water, light yellow stands for the sand 
while brown represents the silt. Values are means ± SD of three horizontal replicates. 
 Electronic Supplementary Material (for online publication only) 
Click here to download Electronic Supplementary Material (for online publication only): SI F-DGT 20160308.docx 
